hYVH1 [human orthologue of YVH1 (yeast VH1-related phosphatase)] is an atypical dual-specificity phosphatase that is widely conserved throughout evolution. Deletion studies in yeast have suggested a role for this phosphatase in regulating cell growth. However, the role of the human orthologue is unknown. The present study used MS to identify Hsp70 (heat-shock protein 70) as a novel hYVH1-binding partner. The interaction was confirmed using endogenous co-immunoprecipitation experiments and direct binding of purified proteins. Endogenous Hsp70 and hYVH1 proteins were also found to co-localize specifically to the perinuclear region in response to heat stress. Domain deletion studies revealed that the ATPase effector domain of Hsp70 and the zinc-binding domain of hYVH1 are required for the interaction, indicating that this association is not simply a chaperone-substrate complex. Thermal phosphatase assays revealed hYVH1 activity to be unaffected by heat and only marginally affected by nonreducing conditions, in contrast with the archetypical dualspecificity phosphatase VHR (VH1-related protein). In addition, Hsp70 is capable of increasing the phosphatase activity of hYVH1 towards an exogenous substrate under non-reducing conditions. Furthermore, the expression of hYVH1 repressed cell death induced by heat shock, H 2 O 2 and Fas receptor activation but not cisplatin. Co-expression of hYVH1 with Hsp70 further enhanced cell survival. Meanwhile, expression of a catalytically inactive hYVH1 or a hYVH1 variant that is unable to interact with Hsp70 failed to protect cells from the various stress conditions. The results suggest that hYVH1 is a novel cell survival phosphatase that co-operates with Hsp70 to positively affect cell viability in response to cellular insults.
INTRODUCTION
The dual-specificity protein tyrosine phosphatases [DSPs (dualspecificity phosphatases)] represent a subfamily of the PTP (protein tyrosine phosphatase) superfamily that targets phosphoserine-, phosphothreonine-and phosphotyrosine-containing substrates [1] . DSPs play pivotal roles in a wide range of signalling pathways such as cellular proliferation, cell differentiation and cellular survival (reviewed in [2] ). Members of the DSP family can be subdivided into unique subgroups. The first, known as the MKPs [MAPK (mitogen-activated protein kinase) phosphatases], are characterized by their specificity for the pTXpY signature sequence of MAPKs [3] [4] [5] . Another well-characterized group of DSPs are the CDC25 (cell division cycle 25) proteins, which participate in the regulation of the cell cycle by dephosphorylating and activating cyclin-dependant kinases [6] . Meanwhile, the last major subgroup, known as the atypical DSPs, are poorly characterized, but are not thought to target MAPKs or cell cycle regulators [7] .
One atypical DSP enzyme, YVH1 (yeast VH1-related phosphatase; also termed DUSP12), is the yeast homologue of the vaccinia viral dual-specificity phosphatase VH1; YVH1 is one of the first eukaryotic DSP to be classified [8] . The yvh1 mRNA is dramatically induced in response to nitrogen starvation, while deletion of the yvh1 gene causes a slow growth phenotype, sporulation defects [9] and improper glycogen accumulation in Saccharomyces cerevisiae [10] . YVH1 orthologues are extremely conserved throughout evolution; they are present in species as diverse as Plasmodium falciparum [11] to humans [12] . All orthologues share a common domain arrangement consisting of an N-terminal DSP catalytic domain and a unique C-terminal zinc-binding domain.
The hYVH1 (human orthologue of YVH1) shares an overall identity of 31 % with the YVH1 sequence and is widely expressed in human tissues. Interestingly, insertion of a centromeric yeast expression vector expressing the hyvh1 gene could restore the normal growth phenotype of yeast cells that had the yvh1 gene deleted [12] , suggesting a conserved function. Previously, it has been shown that the hyvh1 gene is significantly amplified in various sarcomas [13] , whereas polymorphisms within and surrounding the hyvh1 gene are associated with Type 2 diabetes [14] . However, despite the suggestive role for hYVH1 in cell proliferation and human disorders, very little is known about this phosphatase in terms of its catalytic properties or physiological function.
In the present study, we used an MS-based approach to identify the Hsp70 (heat-shock protein 70) as a novel hYVH1-interacting protein. Follow-up studies revealed that the ATPase domain of Hsp70 and the zinc-binding domain of hYVH1 are necessary for interaction, whereas the proteins co-localize to the perinuclear region during heat stress. Activity assays demonstrated that hYVH1 is a thermally stable enzyme, whereas Hsp70 can increase its phosphatase activity in vitro. Finally, it was determined that like Hsp70, hYVH1 also functions as a cell survival factor capable of protecting cells from various cellular insults.
MATERIALS AND METHODS

Plasmids and proteins
Full-length hYVH1 constructs and protein purification were previously described [12] . Purified His-Hsp70 was purchased from SignalChem. Mammalian His-Hsp70 constructs were a gift from Dr Frank Sharp (University of California Davis, Davis, CA, U.S.A.). The firefly luciferase construct was a gift from Dr John Hudson (University of Windsor). Truncated derivatives of hYVH1 were constructed by introducing each cDNA fragment into a pFLAG-CMV2 mammalian expression vector. The three hYVH1 zinc finger deletion constructs, CT1, CT2, and CT3, were made using the same sense primer, 5 -CGGAATTCGATGTTGG-AGGCTCCG-3 , containing an initiation codon and an EcoRI restriction site. The antisense primers, 5 -CGTTAAGTCGAC-TCATGGATACTTCTCTGT-3 , 5 -CGTTAAGTCGACTCAAT-AAGATGTACATTG-3 and 5 -CGTTAAGTCGACTCATCCC-AACAAAGCAGA-3 , were used for CT1, CT2 and CT3 respectively. The antisense primers all contained a stop codon and a SalI restriction site. The hYVH1 zinc finger domain was constructed by PCR amplification using the sense primer 5 -CG-GAATTCGGAATTGCAGATT-3 containing an EcoRI restriction site and the antisense primer 5 -CGTTAAGTCGACT-CATATTTTTCCTGTTTGTGA-3 containing a SalI restriction site.
All the above constructs were verified by automated DNA sequencing.
Cell culture and transfections
HEK-293 cells (human embryonic kidney cells) and HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10 % (v/v) FBS (fetal bovine serum)at 37
• C and 5 % CO 2 . Transient transfection of cells was carried out at 50-70 % confluency using ExGen reagent (Fermentas) or FuGENE TM 6 (Roche) according to the manufacturer's protocol. For heat-shock treatments, cells were placed in incubators at 42 or 45
• C, heatshocked and recovered for the indicated time periods. For H 2 O 2 treatments (100 μM), HeLa cells were exposed for 2 h at 37
• C. Activation of the Fas receptor was accomplished by incubating HeLa cells with anti-Fas receptor IgM (200 ng/ml; Cayman) for 24 h at 37
• C. For cisplatin treatments, HeLa cells were exposed to cisplatin (10 μM; Sigma) for 24 h at 37
• C. Cells were lysed as previously described [15] .
Immunoprecipitation and nickel-affinity pulldowns
Co-immunoprecipitations using transfected lysates were performed by incubating cell lysates with anti-FLAG M2 affinity resin (Sigma) or His-select Nickel Affinity Gel resin (Sigma). Endogenous co-immunoprecipitations were performed using Protein A-agarose (Invitrogen) that was prebound with antihYVH1 antibody [12] or anti-Hsp70 K20 antibody (Santa Cruz Biotechnology). The lysates were incubated with the resin at 4
• C on a shaker for 4 h. Following incubation, samples were washed extensively with wash buffer (50 mM Tris/HCl, pH 7.4, 0.1 % Triton X-100 detergent, 150 mM NaCl and 0.1 % SDS), resuspended in 2 × SDS/PAGE loading dye buffer, heated at 95
• C and subjected to SDS/PAGE. Following electrotransfer, Westernblot analysis was performed with the following antibodies: anti-FLAG (Sigma), anti-His (Santa Cruz Biotechnology), anti-Hsp70 K20 (Santa Cruz Biotechnology) or anti-hYVH1 [12] . Bound primary antibodies were detected with anti-mouse, anti-goat or anti-rabbit horseradish peroxidase-coupled secondary antibody at a dilution of 1:5000 for all blots (Santa Cruz Biotechnology) and visualized using Super Signal West Femto (Pierce).
MALDI-TOF-MS (matrix-assisted laser-desorption ionization-time-of-flight MS)
Following SDS/PAGE, proteins were visualized by Coomassie Brilliant Blue staining and a band corresponding to p70 was excised. In-gel proteolytic digestion using trypsin (Promega) was performed as described previously [16] . Extracted peptides were then desalted using micro-C18 Zip Tips (Millipore). Desalted peptides were mixed 1:1 with matrix solution (α-cyano-4-hydroxycinnamate in 50 % acetonitrile and 1 % formic acid) on the target plate. Peptide mass 'fingerprints' were obtained by MALDI-TOF in linear and reflector modes on a MALDI-TOF DE-Pro instrument (Applied Biosystems). MS/MS (tandem MS) was performed on selected parent ions using PSD (post-source decay). PSD spectra were acquired in 8-10 segments with mirror ratios ranging from 1.0 to 0.25 and 'stitched' together using Data Explorer software. In silico fragmentation using Protein Prospector software (http://prospector.ucsf.edu/) and BLAST searches (http://www.ncbi.nlm.nih.gov/BLAST/) were used to compare the determined MS/MS sequences with sequences in the NCBI database.
DiFMUP (6,8-di-fluoro-4-methylumbelliferyl phosphatase) assay
DiFMUP (Invitrogen) was dissolved in DMSO and stored at − 20
• C. All assays were conducted in FluoroNunc 96-well plates (Sigma). Kinetic parameters were monitored continuously on a SpectraMax Gemini XPS spectrofluorimeter (Molecular Devices) (λ ex = 358 nm and λ em = 450 nm). All concentrated samples were exchanged into equivalent buffer (50 mM Tris and 150 mM NaCl, pH 7.4) using 0.5 ml of Zeba Desalt spin columns (Pierce), with specified samples being reduced with DTT (dithiothreitol). Phosphatase assays (100 μl) were conducted at 30
• C using reaction buffer (50 mM Tris, 50 mM Bis-Tris and 150 mM NaCl, pH 6) containing 900 μM DiFMUP. Thermal stability assays contained 0.1 μM VHR (VH1-related protein), 1.5 μM hYVH1 and 1.5 μM hYVH1 CT1 (a zinc finger deletion mutant of hYVH1) in 2.5 mM DTT. Other activity assay reactions contained 0.5 μM hYVH1 or 0.5 μM hYVH1/0.5 μM His-Hsp70 (SignalChem) with or without 2.5 mM DTT. Assay samples were subjected to initial 30 min heat incubation (30 or 42 • C), followed by a 15 min recovery incubation (25 • C) and assay initiation. Fluorescent emission intensity was converted into product concentration using DiFMU (6,8-difluoro-7-hydroxy-4-methylcoumarin) (Invitrogen) standard curves.
Luciferase assay
HeLa cells were grown in 6-well plates and transfected with constructs encoding firefly luciferase (pGL2), FLAG-hYVH1 and His-Hsp70. Cells were then heat-shocked for 2 h at 45
• C and allowed to recover for 3 h. The cells were lysed in 400 μl of 1× Luciferase Cell Culture Lysis Reagent (25 mM Tris phosphate, pH 7.8, 2 mM DTT, 2 mM 1,2-diaminocyclohexane-N,N,N ,Ntetra-acetic acid, 10 % (v/v) glycerol, 1 % Triton X-100 and 1 mg/ ml BSA) included in the Promega kit. The lysates were placed into a microcentrifuge tube and vortex-mixed for 10 s, and then spun down for 2 min at 4
• C at maximum speed. The lysates were added to a 96-well plate and incubated with Luciferase Assay Reagent (Promega) before processing. Light emitted was recorded for 1 min in the plate reader set for luminescence (460 nm). A standard curve was produced using 100, 50, 20, 10, 5 and 0 μl of both the non-heat-shocked and heat-shocked 'luciferase only' lysates.
Immunofluorescence
For immunofluorescence analysis, HeLa cells were grown on coverslips in 6-well plates to 50 -70 % confluency. The cells were fixed in 3.7 % (w/v) paraformaldehyde for 12 min at room temperature (25 • C), washed with PBS and permeabilized with 0.15 % Triton X-100 in PBS for 2 min. The fixed cells were then blocked for 1 h in 5 % (w/v) rabbit serum in TBST [10 mM Tris/HCl (pH 7.4), 150 mM NaCl and 0.1% Tween 20] and incubated with primary antibody at a dilution of 1:500 for antihYVH1 and anti-FLAG, whereas a dilution of 1:50 was used for anti-Hsp70. Fluorescein-conjugated secondary antibodies were used at a dilution of 1:500 in TBST for 1 h (Vector Laboratories). For co-localization experiments, samples were incubated with anti-hYVH1 for 1 h, rinsed in PBS and incubated with antiHsp70 for an additional 1 h, followed by incubation with the fluorescein-conjugated secondary antibodies. Nuclei were stained with Hoechst 33342 dye (Molecular Probes) according to the manufacturer's protocol and coverslips were mounted on slides using the SlowFade Antifade kit (Molecular Probes). Cells were observed using fluorescence microscopy either with a Leica DM IRB microscope and Openlab software or with an Axiovert 200 microscope and Northern Eclipse software.
Annexin V assay
Cell viability was determined using an FITC-conjugated annexin V kit (Vybrant Apoptosis Assay kit no. 3; Molecular Probes) according to the manufacturer's instructions. After stress treatments, HeLa cells grown in 6-well plates were scraped and rinsed twice in 1× annexin binding buffer (10 mM Hepes, 140 mM NaCl and 2.5 mM CaCl 2 , pH 7.4). After a 5 min centrifugation at 5000 g, the remaining pellet was resuspended in annexinbinding buffer (1 × 10 6 cells/1 ml binding buffer) and stained according to the manufacturer's protocol. These cells were also stained using Hoechst 33 342 dye and viewed using fluorescence microscopy as described above. Approx. 1000 cells were counted per experiment using the Northern Eclipse software program and apoptotic cells were detected by a positive annexin V stain. Results are shown as a percentage of dead cells in the total sample population. The results are the culmination of at least three unique trials averaged together.
RESULTS
Identification of hYVH1-interacting proteins by affinity chromatography and MS
To capture potential hYVH1-interacting proteins, HEK-293 cells were transiently transfected with cDNA encoding FLAG-hYVH1 or vector control. Cellular lysates were collected 24 h posttransfection and subjected to immunoprecipitation with anti-FLAG resin as described in the Materials and methods section. Comparative analysis of the control and hYVH1 samples after SDS/PAGE analysis revealed a 70 kDa protein band unique to the hYVH1 sample ( Figure 1A ).
The p70 band was excised and in-gel digested with trypsin. The pool of tryptic peptides was then analysed by MALDI-TOF-MS to generate a mass 'fingerprint' ( Figure 1B ). The preliminary database search suggested that p70 was an Hsp70 family member. Since the inducible Hsp70 and the constitutively expressed Hsc71 family members share 86 % sequence identity, unambiguous identification required MS/MS sequencing of unique tryptic peptides. A representative MS/MS spectrum displaying the fragmentation pattern for the precursor ion 1675 m/z is shown in Figure 1(C) . The y and b fragment ion series corresponds to the sequence 'ATAGDTHLGGEDFDNR' found specifically in Hsp70. MS/MS sequencing of numerous tryptic peptides was performed, with all unique peptide sequences being specific for Hsp70 (results not shown).
Endogenous hYVH1 and Hsp70 complex formation
To determine whether endogenous hYVH1 interacts with endogenous Hsp70, reciprocal co-immunoprecipitation experiments were performed. Protein A-agarose resin was prebound with either anti-hYVH1 or anti-Hsp70 antibodies and incubated with HEK-293 cellular lysates. After SDS/PAGE analysis, the resolved proteins were visualized by immunoblotting. As shown in Figure 2 , endogenous hYVH1 co-precipitated Hsp70 readily using the anti-hYVH1 agarose resin. Furthermore, endogenous Hsp70 co-precipitated endogenous hYVH1 using the anti-Hsp70 agarose resin. In contrast, immunoprecipitation using preimmune serum did not precipitate either protein. Thus these co-immunoprecipitation results using endogenous proteins corroborate the MS interaction data which used overexpressed hYVH1.
Mapping the domains responsible for Hsp70 -hYVH1 interaction
Mapping the functional domains that mediate the association between two proteins can lead to a better functional understanding of the interaction. Hsp70 is made up of two major domains; the ATPase effector domain in the N-terminus and the substratebinding domain in the C-terminus, which mediates binding to misfolded target proteins ( Figure 3A) . To avoid the high basal expression of endogenous Hsp70 in HEK-293 cells, HeLa cells were co-transfected with hYVH1 and Hsp70 variants. An Ni-NTA (Ni 2+ -nitrilotriacetate)-agarose resin was used to pull down the His-tagged Hsp70 proteins. As shown in the middle panel of Figure 3 (B), His-Hsp70 variants were successfully pulled down, whereas, as expected, full-length Hsp70 pulled down hYVH1 ( Figure 3B, lane 2, top panel) . The ATPase domain of Hsp70 also pulled down hYVH1, although to a lesser extent compared with wild-type ( Figure 3B , lane 3, top panel). The Hsp70 substratebinding domain, however, failed to pull down any detectable hYVH1, which suggests that the ATPase domain is responsible for binding to hYVH1 and that the interaction is not the result of Hsp70 targeting a misfolded hYVH1 protein molecule.
hYVH1 also has two major functional domains, namely the catalytic domain and the zinc-binding domain, which comprises two zinc co-ordinating zinc fingers. Several deletion constructs were created using PCR and ligated into FLAG-pCMV-2 mammalian expression vectors. The deletions constructed included the catalytic domain of hYVH1 (labelled CT1), the catalytic domain and the first zinc finger ( CT2), the catalytic domain, the first zinc finger and a hydrophobic region following the zinc finger that has been found to be highly conserved between species ( CT3) as well as the entire zinc-binding domain alone ( Figure 3A) . These constructs were used in an attempt to determine the hYVH1 domain(s) responsible for the interaction with Hsp70.
HEK-293 cells were transfected with the FLAG-hYVH1 variants and the clarified lysates were subjected to immunoprecipitation using anti-FLAG agarose resin. Endogenous Hsp70 was successfully pulled down along with wild-type hYVH1 ( Figure 3C , lane 2, top panel). The catalytic domain and both partial zinc deletions failed to pull down any Hsp70 ( Figure 3C , lanes 3-5, top panel), suggesting that the intact zinc finger domain is required for Hsp70 binding.
The zinc-binding domain has been shown to complement certain phenotypes in YVH1 yeast strains, demonstrating its importance for hYVH1 function [10] . This, along with the failure of Hsp70 interaction with partial zinc deletion CT3, suggested that the entire zinc-binding domain is needed for the interaction between hYVH1 and Hsp70. However, under a variety of conditions, the zinc-binding domain in our hands was expressed poorly in both HEK-293 and HeLa cells. Detectable amounts of zinc-binding domain protein could be captured by immunoprecipitation ( Figure 3D, lane 3, middle panel) . This pulled down zinc finger fraction, however, did not co-precipitate any detectable Hsp70 compared with full-length hYVH1 (Figure 3D, lanes 2 and 3, top panel) . It is difficult to interpret this result since the zinc finger domain reproducibly expressed at very low levels. Therefore, while the C-terminal truncations indicate that the zinc finger domain is necessary for the Hsp70 interaction, it remains to be seen whether the zinc finger domain is sufficient for interacting with Hsp70 directly. Alternatively, there may be contributing parts of both domains needed for the interaction with Hsp70. His-Hsp70 variants were pulled down using nickel-affinity chromatography (middle panel). Co-purified hYVH1 was detected by anti-FLAG Western-blot analysis (top panel). The expression levels of FLAG-hYVH1 in the whole cell lysates was determined by anti-FLAG Western-blot analysis (bottom panel). The result is representative of three independent experiments. (C, D) HEK-293 cells were co-transfected with cDNA encoding His-Hsp70 and FLAG-hYVH1 variants. FLAG-hYVH1 variants were immunoprecipitated using M2 FLAG agarose resin (middle panels). Co-precipitated Hsp70 was detected by anti-His Western-blot analysis (top panel). The expression levels of His-Hsp70 in the whole cell lysates were determined by anti-His Western-blot analysis (bottom panel). The result is representative of three independent experiments.
Examining the hYVH1-Hsp70 interaction in vitro and in response to heat shock
In order to determine whether these two proteins directly bind in vitro, equal amounts of purified His-tagged Hsp70 and purified GST (glutathione transferase)-tagged hYVH1 were mixed and incubated for 1 h. Hsp70 was pulled down by nickel-affinity chromatography resin. After stringent washing, the samples were analysed by immunoblotting. As shown in Figure 4 (A), purified hYVH1 was successfully pulled down by Hsp70 in vitro, demonstrating that the proteins physically interact.
Hsps were first characterized by their response to heat-shock stress. Hsp70 expression is induced by heat shock, where it plays a variety of roles such as suppressing apoptosis and recovering misfolded and aggregated proteins by its chaperone activity (reviewed in [17] ). Therefore, to investigate whether the interaction between these two proteins is maintained during heat stress, HeLa cells were heat-shocked at 42
• C for 1 h after being transfected with FLAG-hYVH1 16 h earlier. The cells were lysed after a recovery period of 12 h and a FLAG immunoprecipitation was performed. Co-precipitating endogenous Hsp70 was then detected by Western-blot analysis. Under both heat-shocked and non-heat-shocked conditions, Hsp70 co-precipitated with hYVH1 ( Figure 4B, lanes 4 and 5) . The increased amount of Hsp70 pulled down from heat-shocked cell lysates appears to be a result of the characteristic increase in its expression during heat stress. This result confirms that the hYVH1-Hsp70 interaction is maintained during heat stress.
Hsp70 and hYVH1 co-localize to the perinuclear region during heat stress
In addition to elevated expression, Hsp70 also translocates to the nucleus in response to heat stress [18] . Since hYVH1 has been reported to localize to both the nucleus and the cytoplasm [12] , we were interested in visualizing the endogenous localization patterns of these associating proteins during heat stress. As shown in Figures 5(A)-5(C) , a strong co-localization pattern is observed in HeLa cells between hYVH1 and Hsp70 during untreated conditions providing in vivo support to the co-immunoprecipitation results described above. The co-localization of the two proteins under these conditions was predominantly cytoplasmic with some staining in the perinuclear region. On mild heat shock of HeLa cells at 42
• C applied for 1 h with a 12 h recovery period at 37
• C (Figures 5D-5F ), a significant shift in both proteins was detected. Hsp70 amassed around the perinuclear region as well as in the nucleus. hYVH1 did not appear to be transported into the nucleus with Hsp70. On the other hand, the heat-shock stress did result in a considerable accumulation of hYVH1 to the perinuclear region, displaying strong co-staining with Hsp70 ( Figure 5F ). It has been shown previously that Hsp70 at the perinuclear region is enriched under heat-shock conditions, but a purpose for this change in distribution has yet to be clearly elucidated [19] . The strong co-localization between hYVH1 and Hsp70 at the perinuclear region indicates that hYVH1 interacts with this specific pool of Hsp70 since hYVH1 did not colocalize with Hsp70 present in the nucleus.
The effect of hYVH1-Hsp70 interaction on chaperone function
The Hsp70-mediated refolding of firefly luciferase in stressed cells is a well-characterized assay to test factors affecting the chaperone function of Hsp70 [20] . Furthermore, hYVH1 was shown to interact with the ATPase domain of Hsp70. Proteins that bind to this domain commonly regulate the chaperone activity of Hsp70 [21] . To determine whether hYVH1 has any effect on Hsp70's chaperone activity, a luciferase assay was performed. HeLa cells were transfected with firefly luciferase, hYVH1 and Hsp70, and these cells were heat-shocked for 30 min at 45
• C and then recovered for 3 h before lysing. Protein expression levels of Hsp70 and hYVH1 are shown in Figure 6 (lower panels). As expected, heat shock caused the emission of light by luciferase to decrease drastically ( Figure 6 , column 2). When hYVH1 was overexpressed in these cells, no appreciable difference in emission was observed ( Figure 6, column 4) . When Hsp70 was overexpressed, the luciferase activity was recovered by 50-60 % ( Figure 6 , column 6) and this recovery remained unchanged with the addition of hYVH1 ( Figure 6, column 8) . Taken together, these results suggest that the chaperone activity of Hsp70 is not affected by the overexpression of hYVH1 in HeLa cells. 
hYVH1 is a heat-stable phosphatase whose activity is increased by Hsp70
With the discovery of Hsp70 as a binding partner, it seemed pertinent to determine the phosphatase activity of hYVH1 in the presence of heat-shock temperatures and investigate whether this interaction could affect the in vitro phosphatase activity of hYVH1. Initially we performed an in vitro phosphatase assay using the exogenous substrate DiFMUP under heat-shock conditions to see whether hYVH1 is a heat-labile enzyme. Interestingly, the hYVH1 phosphatase activity was quite stable in response to heat incubation ( Figure 7A, filled diamonds) . In contrast, the archetypical DSP, VHR, displayed drastically lower activity after heat exposure ( Figure 7B, filled diamonds) . Surprisingly, the zinc finger deletion variant is also stable in the presence of heat ( Figure 7C, filled diamonds) , suggesting that the thermal stability of hYVH1 is a property of the catalytic domain.
DSPs, like most other PTPs, are susceptible to reversible oxidation of the catalytic cysteine in vitro and in vivo [22] . This property makes most PTPs sensitive to oxidative stress requiring reducing conditions to measure full PTP phosphatase activity. Surprisingly, the phosphatase activity of hYVH1 was only mildly compromised under non-reducing conditions and maintained its thermal stability under these conditions ( Figure 7A , open and closed triangles). Meanwhile, these same conditions render VHR virtually inactive ( Figure 7B, open and closed triangles) . Finally, the zinc finger deletion variant was also significantly affected by non-reducing conditions ( Figure 7C, open and closed triangles) , suggesting that the C-terminal zinc finger domain is important for allowing hYVH1 to function under autoxidative conditions. Next, purified Hsp70 was mixed with hYVH1 to determine whether the interaction between the two proteins has any effect on the activity of the phosphatase ( Figure 7D ). Under reducing conditions, the phosphatase activity of hYVH1 in the presence of Hsp70 was only slightly higher than that of hYVH1 alone. However, under the autoxidative conditions, Hsp70 fully restored the phosphatase activity of hYVH1 to levels equal to hYVH1 in the presence of reducing agents. Furthermore, this effect on phosphatase activity was maintained under heat conditions. Taken together, these results indicate that hYVH1 is a heat-stable phosphatase whose activity can be modulated by Hsp70 when exposed to non-reducing conditions.
Overexpression of hYVH1 enhances cell viability during cellular stress
The finding that hYVH1 is a heat-stable phosphatase that interacts and displays co-localization with the cytoprotective Hsp70 leads to the hypothesis that hYVH1 may function in cell survival. Interestingly, when examining the localization pattern of overexpressed FLAG-hYVH1 during extreme heat shock, we observed a startling correlation with successful transfection and cell viability (Figure 8 ). During normal conditions, approx. 70 % of the cells were positively stained for FLAG-hYVH1, reflecting typical transient transfection efficiency. However, after extreme heat shock, the vast majority of cells that remained viable and adherent to the glass coverslips were overexpressing hYVH1, suggesting that hYVH1 may have a role in cell survival.
To test this hypothesis directly, HeLa cells expressing hYVH1 variants alone or with Hsp70 were treated with a heat-shock HeLa cells were transiently transfected with cDNA encoding FLAG-hYVH1 and either left untreated or heat-shocked at 45 • C for 2 h and recovered at 37 • C for 3 h before being fixed and permeabilized. FLAG-hYVH1 was stained with anti-FLAG antibody and an anti-mouse secondary antibody labelled with FITC. Nuclei were stained with Hoechst 33342 dye. Regions of cells not expressing FLAG-hYVH1 are indicated by white arrows.
stimulus for 1 h at 42
• C and allowed to recover at 37 • C for 12 h. After recovery, cells were stained with FITC-conjugated annexin V and Hoechst stain to measure cell viability ( Figure 9) . In control cells, heat shock increased cell death by approx. 55 % (Figure 9B ). Conversely, heat-shocked cells overexpressing hYVH1 or Hsp70 only displayed a 15 and 12 % increase in apoptotic cell death over control non-heat shock cells respectively. Co-expression of hYVH1 and Hsp70 led to significant further protection (3 % increase), close to the viability values displayed by control non-heat-shock cells. Importantly, expression of a catalytically inactive mutant of hYVH1 (C/S) failed to rescue HeLa cells from heat-shock stress, indicating that the phosphatase activity of hYVH1 is required for its cell survival function. Finally, the zinc finger deletion mutant of hYVH1 ( CT1), which cannot interact with Hsp70, was unable to protect cells from heatshock-induced cell death. A similar result was found when cells were stained for DNA fragmentation using the TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling) assay (results not shown).
To investigate whether hYVH1 can protect cells exposed to other stress conditions in which Hsp70 has been shown to play a cytoprotective role [23] [24] [25] , HeLa cells expressing hYVH1 variants were subjected to H 2 O 2 , Fas receptor activation or the DNA-damaging agent cisplatin. As shown in Figure 10 , expression of wild-type hYVH1 effectively protected HeLa cells from H 2 O 2 and Fas receptor-induced cell death, whereas co-expression with Hsp70 further augmented the cytoprotection. Again, expression of the catalytically inactive mutant of hYVH1 failed to rescue HeLa cells from either stress. However, hYVH1 expression could not protect HeLa cells from cisplatin-induced cell death, suggesting that hYVH1 may not be involved in protecting cells from DNA-damage-induced cell death.
DISCUSSION
The DSP YVH1 remains poorly characterized despite being one of the first eukaryotic DSPs identified over 16 years ago [8] . A major contributor to our limited understanding is the lack of a proven substrate or interacting protein. Yeast two-hybrid studies have revealed that YPH1 (yeast Pescadillo homologue 1) is a potential candidate [26] . Pescadillo proteins have been shown to be involved in cell cycle progression and are overexpressed in some malignancies [27] . YPH1 was found to bind in a yeast twohybrid screen to a variant expressing only the catalytic domain of YVH1 [26] . However, this interaction has not been demonstrated with full-length YVH1 nor recapitulated in vivo. A more recent study in the malaria parasite, Plasmodium falciparum, suggested that the P. falciparum orthologue of Pescadillo interacts with the P. falciparum orthologue of YVH1 in vitro [11] , but again it remains to be seen whether this interaction takes place in the cell and is physiologically relevant. In the present study, we have identified Hsp70 as the first interacting protein of hYVH1 using a combination of affinity chromatography and MS. Evidence that the identified interaction is functionally relevant was solidified by (i) reciprocal co-immunoprecipitation experiments of the endogenous proteins from cells, (ii) enzyme assays showing that Hsp70 can regulate the phosphatase activity of hYVH1 and (iii) co-localization of the endogenous proteins during heat stress by immunofluorescent microscopy. Furthermore, the finding that hYVH1 interacts with the pro-survival Hsp70 led to the exposure of hYVH1's ability to also protect cells from heat shock and other cell stress stimuli.
Co-immunoprecipitation experiments utilizing Hsp70 deletion constructs revealed that the ATPase effector domain of Hsp70 is sufficient for binding to hYVH1. The finding that the C-terminal substrate-binding domain of Hsp70 does not mediate the interaction indicates that the function of the interaction is not to regulate the folding of hYVH1, i.e. this interaction is not a chaperone-substrate complex. This is not an entirely unexpected result. The ATPase domain of Hsp70 is similar in structure to the ATPase domain of hexokinases [28] . Moreover, a yeast two-hybrid experiment using the hexokinase family member glucokinase as bait pulled out the rat YVH1 orthologue [29] . However, the yeast two-hybrid result is yet to reveal any additional functional relevance and the interaction has not been recapitulated using other methods. Together with the present study, this may indicate that YVH1 orthologues are biochemically capable of interacting with this class of ATPase domain. Furthermore, our results also suggest that Hsp70 may be the true target in cells and the glucokinase result might represent a false positive.
Of interest was the finding that hYVH1 is found mainly in the cytoplasm and co-localizes with Hsp70 at perinuclear regions in response to heat stress. This localization pattern is in contrast with a published report stating that hYVH1 is predominantly a nuclear phosphatase [12] . During our studies, we have also seen a very small percentage of cells that show hYVH1 in the nucleus (P. R. Sharda and P. O. Vacratsis, unpublished work). Thus, although hYVH1 seems to be capable of translocating to multiple sites, the prevailing subcellular distribution of hYVH1 in our hands is cytoplasmic/perinuclear. It will be important to establish whether preventing hYVH1 from locating to the perinuclear region compromises its ability to protect cells from stress stimuli.
In response to various apoptotic inducers (heat shock, H 2 O 2 and Fas receptor activation), overexpression of hYVH1 led to a significant decrease in the number of apoptotic cells present. Additionally, the extent of protection as a result of hYVH1/Hsp70 co-expression was near that of untreated cells transfected with empty vector DNA. In agreement with our findings that hYVH1 is a cell survival phosphatase is the large-scale RNA interference screening study conducted previously by Blenis and co-workers [30] . In that study, Blenis and co-workers systematically knocked down and screened most of the kinase and phosphatase proteins in HeLa cells under non-stress conditions using RNA interference. It was discovered that knocking down the expression of hYVH1 (termed DUSP12 in the study) caused significant apoptosis. Additionally, HeLa cells transfected with hYVH1 siRNA (small interfering RNA) demonstrated pro-apoptotic markers such as PARP [poly(ADP-ribose) polymerase] and caspase 9 cleavage [30] .
The inability of hYVH1 to rescue cells exposed to cisplatin suggests that hYVH1's effects are selective to specific cytotoxic stimuli. It is interesting to note that cisplatin initiates apoptosis via the DNA damage response pathway [31] . On the other hand, heat-shock-, H 2 O 2 -and Fas receptor-mediated cell death involves redox-sensitive signalling pathways [32] [33] [34] . Additionally, we discovered that the phosphatase activity of hYVH1, which is required for its cytoprotective role, is only slightly affected under non-reducing conditions towards an exogenous substrate ( Figure 7) . Furthermore, full activation under these conditions was restored when incubated with Hsp70. To our knowledge, most if not all mammalian cysteine-based phosphatases are minimally active under non-reducing conditions due to reversible oxidation of the active-site cysteine, making this catalytic behaviour unique and significant. Our finding is reminiscent of the recently discovered stress-activated phosphatase Sdp1. Sdp1 in yeast displays higher activity under non-reducing conditions (no DTT) and targets MAPKs during oxidative stress [35] . However, there is no known Sdp1 orthologue in higher eukaryotes. This result, in addition to its thermal stability property, may signify that hYVH1 is capable of functioning under oxidative stress conditions which render other PTPases temporarily inactive. The structural basis for this catalytic property remains to be elucidated. Since the activity of the CT1 variant was significantly lower in the nonreducing environment (Figure7C), we are currently exploring the contribution of the cysteine residues embedded in the zinc-binding domain in protecting the active-site cysteine from thiol oxidation.
The phospho-target of hYVH1 in cells remains to be elucidated. Tempting candidates are the members of the MAPK family since hYVH1 is a DSP and MAPKs [in particular JNK (c-Jun N-terminal kinase)] are activated by the stresses used in the present study. However, no effect on ERK (extracellular-signalregulated kinase), JNK or p38 was seen under the stress conditions analysed when hYVH1-overexpressed lysates were probed with phospho-MAPK antibodies (results not shown). Furthermore, purified hYVH1 was unable to dephosphorylate purified activated MAPKs in vitro in the absence or presence of Hsp70 (results not shown). Therefore identification of hYVH1 physiological substrates remains the most critical obstacle for understanding how this phosphatase prevents cell death.
Numerous genomic screening studies have shown that the hyvh1/dusp12 gene is significantly amplified and overexpressed in a variety of advanced soft tissue sarcomas. Initial studies found hyvh1 gene amplification and overexpression in various metastatic sarcomas including malignant schwannomas, dedifferentiated malignant liposarcomas and leiomyosarcomas [13] . These reports were followed by findings of dusp12 gene overexpression in retinoblastomas [36] . Finally, overexpression of dusp12 gene expression was found in specific types of ependymomas (grade III, intracranial) [37] . Our results showing that hYVH1 can function as a cell survival factor coupled with these gene amplification findings tempt us to speculate that overexpression of the hyvh1 gene will impart to these tumour cells the ability to survive unfavourable microenvironments and support metastasis. Furthermore, Hsp70 has also been shown to be overexpressed in sarcomas [38] and has a well-characterized role in protecting tumour cells from hypoxia, nutrient starvation and the toxicity of various chemotherapy treatments [39] [40] [41] . Our future efforts focusing on elucidating the targets of the hYVH1-Hsp70 complex, including hYVH1 substrates, will be essential for understanding how this complex regulates cell survival in normal and disease states. 
